Background: Cervical microbiota (CM) are considered an important factor affecting the 25 progression of cervical intraepithelial neoplasia (CIN) and are implicated in the persistence of 26 human papillomavirus (HPV). Collection of liquid-based cytology (LBC) samples is routine for 27 cervical cancer screening and HPV genotyping, and can be used for long-term cytological 28 biobanking. Herein, we investigate the feasibility of leveraging LBC specimens for use in CM 29 surveys by amplicon sequencing. As methodological differences in DNA extraction protocols 30 can potentially bias the composition of microbiota, we set out to determine the performance of 31 four commonly used DNA extraction kits (ZymoBIOMICS DNA Miniprep Kit; QIAamp 32 PowerFecal Pro DNA Kit; QIAamp DNA Mini Kit; and IndiSpin Pathogen Kit) and their ability 33 to capture the diversity of CM from LBC specimens. 34
use of swabs [13] or self-collection of vaginal discharge [14] . To obtain a non-biased and broad 78 range of cervical microbiota, DNA extraction should be optimized for a range of difficult-to-79 lyse-bacteria, e.g. Firmicutes, Actinobacteria, and Lactobacillus [13] [15] [16] [17] [18] . 80 LBC samples are promising for cervicovaginal microbiome surveys, as they are an 81 already established method of long-term cytological biobanking [19] . In clinical practice, 82 cervical cytology for cervical cancer screening or HPV genotyping is widely performed using a 83 combination of cervical cytobrushes and LBC samples such as ThinPrep (HOLOGIC) or 84 SurePath (BD). An LBC specimen can be used for not only cytological diagnosis but also 85 additional diagnostic tests such as HPV, Chlamydia, Neisseria gonorrhoeae, and Trichomonas 86 infection [20] [21] [22] . 87
The ability to characterize microbial communities, as commonly assessed by 16S rRNA 88 gene sequencing, can be biased as a result of methodological differences of cell lysis and DNA 89 extraction protocols [23] [24] [25] . Herein, we compare four different commercially available 90 DNA extraction kits in an effort to assess their ability to characterize the cervical microbiota of 91 LBC samples. Additionally, we examine the relationship between HPV infection and the 92 composition of cervical microbiota. 93
Results 94
Patient characteristics 95
The age of the patients (n = 20) was 31.4 ± 5.0 years. The distribution of race was 15% African 96 American (n = 3), 50% Caucasian (n = 10), and 35% Hispanic (n = 7). Cervical histology was 97 40% CIN2 (n = 8), 50% CIN3 (n = 10), and 10% benign (n = 2). HPV genotypes were 50% 98 HPV16 positive (n = 10), 10% HPV18 positive (n = 2), and 90% HR-HPV positives (n = 18). 99
Patient characteristics were summarized in Table 2 . 100 101 DNA yield 102 DNA yield per 100 µL ThinPrep solution was 0.09 ± 0.06 µg in ZymoBIOMICS, 0.04 ± 0.01 µg 103
in PowerFecalPro, and 0.21 ± 0.23 µg in QIAampMini. DNA yield was not calculated for 104
IndiSpin, as Poly-A Carrier DNA was used. The DNA yield of PowerFecalPro was significantly 105 lower than that of ZymoBIOMICS (adjusted p value < 0.001) and QIAampMini (adjusted p 106 value < 0.001) based on Dunn's test with Benjamini-Hochberg-adjustment ( Figure S1 ). 107 108
Number of reads and Operational Taxonomic Units (OTUs) before rarefying 109
We obtained a total of 11,149,582 reads for 80 DNA extractions. A positive control of mock 110 sample produced 127,142 reads and ThinPrep solution as the negative control produced 1,773 111 reads. IndiSpin (168,349 ± 57,451 reads) produced a significantly higher number of reads 112 compared to PowerFecalPro (115, 610 ± 68, 201 reads, p value = 0.020, Dunn's test with 113 Benjamini-Hochberg-adjustment) as shown in Table 3 . Approximately 90% of reads were 114 assigned to gram-positive bacteria and about 10% of reads were assigned to gram-negative 115 bacteria across all kits. 116
Prior to rarefying, the ZymoBIOMICS kit captured a greater representation of gram-117 negative bacterial OTUs (total 346, 17.3 ± 9.8) compared to PowerFecalPro (total 209, 10.5 ± 118 10.3, p value = 0.012, Dunn's test with Benjamini-Hochberg-adjustment, ratio of gram-negative 119 bacteria: 41.9% vs 33.7%) as shown in Table 3 . No significant differences in the number of 120
OTUs before rarefying was detected for the entire bacterial community or gram-positive 121 bacteria. 122 123
Microbiome composition per DNA extraction protocol 124
We analyzed whether differences in DNA extraction methods affect our ability to assess cervical 125 microbiota composition. The patients can be identified by whether or not they displayed a 126
Lactobacillus-dominant community type (Figure 2A ). Variation between individuals was a 127 significantly greater influence on the observed microbial composition than was the method of 128 DNA extraction (Figure 2A ). 129
The following top 10 abundant families are shown in Figure 2A Methylobacterium aerolatum, has been reported to be more abundant in the endocervix than the 148 vagina of healthy South African women [26] . Bacteroidetes, which are often reported as 149 enriched taxa in an HIV positive cervical environment [27] , was detected in 12 of the 80 DNA 150 extractions (1,028 reads; 0.01%). Meiothermus was detected in 9 of the 80 DNA extractions (882 151 reads; 0.01%) and Hydrogenophilus was detected in 14 of the 80 DNA extractions (2,488 reads, 152 0.02%). Meiothermus and Hydrogenophilus [28] are not considered to reside within the human 153 environment, and are likely kit contaminants, as previously reported [29] . A unique gram-154 positive taxa obtained from the QIAampMini, Streptomyces, which was reported to be detected 155 from the cervicovaginal environment in the study of Kenyan women [30] , was detected in 20 of 156 80 DNA extractions (6,862 reads; 0.06%). No unique taxa were detected in PowerFecalPro and 157
IndiSpin. Although less than 0.005% of the total data set, two samples of IndiSpin also detected 158 potential kit contaminant, Tepidiphilus (Hydrogenophilaceae). 159
Venn diagrams at family levels also exhibited that ZymoBIOMICS detected slightly 160 more bacterial taxa (four unique taxa) as shown in Figure 2B (left). These results showed that 161 major bacteria were commonly detected among all extraction protocols, with only slightly more 162 uniquely detected microbiota using ZymoBIOMICS. 163 164
Alpha and beta diversity 165
Significantly higher Species richness (q2-breakaway) was observed from the 166 ZymoBIOMICS (56.1 ± 19.4) protocol compared to that of PowerFecalPro (43.2 ± 32.9, p = 167 0.025), QIAampMini (54.9 ± 29.8, not significant), and IndiSpin (63.6 ± 38.3, not significant) 168
using Dunn's test with Benjamini-Hochberg-adjustment ( Figure 3) . Similarly, Faith's 169
Phylogenetic Diversity was observed to be higher with the ZymoBIOMICS protocol (6.6 ± 2.2), 170 compared to PowerFecalPro (4.5 ± 1.9, p = 0.012), QIAampMini (5.0 ± 1.8, not significant), and 171 IndiSpin (5.4 ± 1.7, not significant) using Dunn's test with Benjamini-Hochberg-adjustment 172 ( Figure 3 ). The use of IndiSpin also resulted significantly higher alpha diversity than that of 173
PowerFecalPro in an analysis of Species richness (p = 0.042, Dunn's test with Benjamini-174 Hochberg-adjustment). Non-phylogenetic alpha diversity metrics such as Observed OTUs, 175
Shannon's diversity index, and Pielou's Evenness did not show differences among the four 176 methods. 177
ZymoBIOMICS was able to significantly increase access to several taxonomic groups 178 compared to the other DNA extraction methods. Additionally, as shown in Table 4 , 179
ZymoBIOMICS did capture a different microbial composition compared to other DNA 180 extraction methods in the index of Unweighted UniFrac distances (PowerFecalPro: q = 0.002; 181
QIAampMini: q = 0.002; and IndiSpin: q = 0.002) and in Jaccard distances (QIAampMini: q = 182 0.018 and IndiSpin: q = 0.033). 183 184 Differential accessibility of microbiota by DNA extraction protocol 185
Linear discriminant analysis (LDA) effect size (LEfSe) analysis [31] identified 186 taxonomic groups, defined with an LDA score of 2 or higher, for differential accessibility by 187 extraction kit: 23 in ZymoBIOMICS, 0 in PowerFecalPro, 3 in QIAampMini, and 3 in IndiSpin 188 ( Figure 4A ). The following taxa were found to be highly accessible (LDA score > 3) with the use 189 of the ZymoBIOMICS kit: Phylum Proteobacteria, Class Gammaproteobacteria, Order 190
Betaproteobacteriales, Family Bacillaceae, and Genus Anoxybacillus. Whereas the Order 191
Streptomycetales was highly enriched with the use of the QIAampMini (LDA score > 3). As 192 shown in the cladogram ( Figure 4B further investigation is required to determine if this OTU is indeed a BVAB. We determined this 207 community type "high diversity type". Community type II was is dominated by Lactobacillus 208 iners at 88%, 85%, 83%, and 85% respectively for ZymoBIOMICS, PowerFecalPro, 209 QIAampMini, and IndiSpin. 210 The relationship between HPV16 infection and community type was observed to be 211 significantly associated with community type I (HPV16 positive patients [n = 9], HPV16 212 negative patients [n = 1]) and not community type II (HPV16 positive patients [n = 1], HPV16 213 negative patients [n = 9], p = 0.001, Fisher's exact test) regardless of the DNA extraction kit used 214 ( Figure S2A ). In support of this result, analysis of differentially abundant microbiota using q2-215 aldex (Benjamini-Hochberg corrected p value of Wilcoxon test: p < 0.001, standardized 216 distributional effect size: −1.2) revealed that Lactobacillus iners were differentially enriched in 217 the cervical environment without HPV16. LEfSe analysis also detected that genus Lactobacillus 218 were enriched in the cervical environment without HPV16 (p < 0.001, LDA score: 5.38, Figure  219 S2B). No significant differences were observed in the relationship between community type and 220 HPV18 (p = 0.474, Fisher's exact test), HR-HPV (p = 0.474, Fisher's exact test), results of 221 cervical biopsy (p = 0.554, Fisher's exact test), and race (African Americans vs not-African 222 Americans: p = 1; Caucasian vs not-Caucasian: p = 0.656; Hispanic vs not-Hispanic: p = 0.350, 223
Fisher's exact test, Figure S2A ). 224
Discussion 225
In this study, we evaluated the utility of LBC specimens for the collection and storage of cervical 226 samples for microbiome surveys based on the 16S rRNA marker gene. We simultaneously 227 compared the efficacy of several commonly used DNA extraction protocols on these samples in 228 an effort to develop a standard operating procedure/protocol (SOP) for such work. We've also 229 been able to show that there are two cervical microbial community types, which are associated 230 with the dominance or non-dominance of Lactobacillis iners and HPV16 status. The relationship 231 between community types and HPV16 was detected regardless of the DNA extraction protocol 232
used. 233
This study evaluated the composition of microbiota across all DNA extraction methods. 234
These findings document the importance of selecting DNA extraction methods in cervical 235 microbiome studies from the LBC samples. All kits were commensurate in their ability to 236 capture the microbial composition of each patient and the two observed cervical microbial 237 community state types, making all of these protocols viable for discovering broad patterns of 238 microbial diversity. However, we did observe that the ZymoBIOMICS protocol was better able 239 to access additional cervical microbiota ( Figure 2B , 4A & B). Coincidentally, we detected 240 potential DNA contamination with the ZymoBIOMICS and IndiSpin kits. The number of OTUs 241 prior to rarefying revealed that the ZymoBIOMICS protocol detected more gram-negative OTUs 242 than the PowerFecalPro (Table 3 & Figure 2B ). In particular, LEfSe analysis has shown that 243 phylum Proteobacteria can be better detected with the ZymoBIOMICS kit ( Figure 4 ). 244
Although rarefying microbiome data can be problematic [34] , it can still provide robust 245 and interpretable results for diversity analysis [35], we were able to observe commensurate 246 findings with non-rarefying approaches such as q2-breakaway [36], q2-deicode [37], and 247
LEfSe [31] . Beta-diversity analysis via Unweighted UniFrac also revealed that ZymoBIOMICS 248 was significantly different from all other kits. There were no differences in non-phylogenic 249 indices of alpha diversity with rarefying approaches. These findings lead us to surmise that 250 phylogenetic indices may be more sensitive than the non-phylogenetic indices. 251
Although we hypothesized that the detection of difficult-to-lyse-bacteria (e.g. gram-252 positive bacteria) would vary by kit, we observed no significant differences (Table 3 ). As shown 253
in Table 3 , the number of reads of gram-positive and gram-negative bacteria also showed that 254 there was no difference in the four kits. This is likely due to several modifications made to the 255 extraction protocol as outlined in Table 1 . That is, we added bead beating and mutanolysin to the 256 QIAampMini protocol [38] . We also modified the beating time of the ZymoBIOMICS kit down 257 to 2 minutes from 10 minutes (the latter being recommended by the manufacturer) to minimize 258 DNA shearing. We may use the extracted DNA from ZymoBIOMICS for long-read amplicon 259 sequencing platforms such as PacBio (Pacific Biosciences of California, Inc) [39] [54] . A weakness of the current study is that we did not examine the reproducibility of our 304 results as each sample was extracted using each kit once. However, the use of actual patient 305 samples rather than mock samples is a strength of our approach. 306
Conclusions 307
In conclusion, regardless of the extraction protocol used, all kits provided equivalent broad 308 accessibility to the cervical microbiome. Observed differences in microbial composition were 309 due to the significant influence of the individual patient and not the extraction protocol. 310
However, ZymoBIOMICS was observed to increase the accessibility of DNA from a greater 311 range of microbiota compared to the other kits, in that the greatest number of significantly 312 enriched taxa were identified. This was not because of higher DNA yield nor ability to detect 313 more gram-positive bacteria. We have shown that the ability to characterize cervical microbiota 314 from LBC specimens is robust, even after prolonged storage. Our data also suggest that it is 315 possible to reliably assess the relationship between HPV and the cervical microbiome, also 316 supported by Kim et al. [49] 
Methods 326
Sampling of cervical microbiome 327 LBC specimens were obtained from 20 patients enrolled in a Phase II clinical trial of an HPV 328 therapeutic vaccine (NCT02481414). In order to be eligible, participants had to have high grade 329 squamous intraepithelial lesions (HSILs) or cannot rule out HSILs in cervical cytology or 330 CIN2/3 in cervical biopsy. Those who qualified for the study based on their cervical cytology 331 underwent cervical biopsy, and they qualified for vaccination if the results were CIN2/3. The 332 cervical cytology specimens in this current study were collected before the vaccination and 333 reserved in the vial of the ThinPrep Pap Test (HOLOGIC) as described in Ravilla et al. 2019 334 [57] . The storage period from sample collection to DNA extraction was 716 ± 105 days in this 335 study. 336 337 HPV genotyping 338 HPV-DNA was detected by Linear Array HPV Genotyping Test (Roche Diagnostics) which can 339 detect up to 37 HPV genotypes including 13 HR-HPV genotypes (16, 18, 31, 33, 35, 39, 45, 51, 340 52, 56, 58, 59, and 68) and 24 LR-HPV genotypes (6, 11, 26, 40, 42, 53, 54, 55, 61, 62, 64, 66, 341 67, 69, 70, 71, 72, 73, 81, 82, 83, 84, IS39, and CP6108) Paired-end reads from libraries with ~250-bp inserts were generated for the V4 region using the 373 barcoded primer set: 515FB: 5'-GTGYCAGCMGCCGCGGTAA-3' and 806RB: 5'-374 (OTUs). The forward reads were trimmed at 15 bp and truncated at 150 bp; reverse reads were 384 trimmed at 0 bp and truncated at 150 bp. The resulting OTUs were assigned taxonomy through 385 q2-feature-classifier classify-sklearn, by using a pre-trained classifier for the 386 amplicon region of interest [70] . This enables more robust taxonomic assignment of the OTUs 387
[71]. Taxonomy-based filtering was performed by using q2-taxa filter-table to remove 388 any OTUs that were classified as "Chloroplast", "Mitochondria", "Eukaryota", "Unclassified" 389 and those that did not have at least a Phylum-level classification. We then performed additional 390 quality filtering via q2-quality-control, and only retained OTUs that had at least a 90% 391 identity and 90% query alignment to the SILVA reference set [72] . Then q2-alignment was 392 used to generate a de novo alignment with MAFFT [73] which was subsequently masked by 393 setting max-gap-frequency 1 min-conservation 0.4. Finally, q2-phylogeny 394 was used to construct a midpoint-rooted phylogenetic tree using IQ-TREE [74] with automatic 395 model selection using ModelFinder [75] . Unless specified, subsequent analyses were performed 396 after removing OTUs with a very low frequency [76] , of less than 0.0005% of the total data set 397 in this case. 398 399 Number of reads and OTUs before rarefying 400 Table 3 highlights the numbers of reads and OTUs among the DNA extraction protocols prior to 401 rarefying the data. The reads and OTUs assigned to gram-positive and gram-negative are also 402 shown. The number of "OTUs before rarefying" shown in Table 3 is distinguished from the 403 "Observed OTUs" after rarefying in Figure 3 
Microbiome composition 412
We generated the bar plot to exhibit bacterial microbiome composition per DNA extraction 413 method at the family (Figure 2A left) and genus (Figure 2A right) We set out to determine which microbial taxonomic groups were differentially accessible across 421 the sampling protocols by LEfSe analyses [31] . We further assessed the microbial taxa using 422 jvenn [82] at family and genus level. The Venn diagram was created after removing OTUs with a 423 frequency of less than 0.005% [76] . 424 425
Alpha and beta diversity analyses with or without rarefying 426
Non-rarefying approaches to determine both alpha (within-sample) and beta (between-sample) 427 diversity was assessed by Species richness using q2-breakaway [36] and Aitchison distance 428 using q2-deicode [37] . These were compared with rarefied data in which we applied Faith's 429 Phylogenetic Diversity, Observed OTUs, Shannon's diversity index, Pielou's Evenness, 430
Unweighted UniFrac distance, Weighted UniFrac distance, Jaccard distance, and Bray-Curtis 431 distances via q2-diversity [66] . In order to retain data from at least 15 of the 20 patients 432 (i.e. 75%; four samples from each of the four DNA extraction methods), we set the sampling 433 depth to 51,197 reads per sample. Overall our subsequence analysis consisted of 3,071,820 reads 434 (27.6%, 3,071,820 / 11,149,582 reads) . All diversity measurements in this study are listed in 435 QIAampMini was significantly higher than that of PowerFecalPro (p < 0.001, Dunn's test with 841
Benjamini-Hochberg-adjustment). Also, the DNA yield of ZymoBIOMICS was significantly 842 higher than that of PowerFecalPro (p < 0.001, Dunn's test with Benjamini-Hochberg-843 adjustment). The amount of DNA was calculated based on the absorbance of nucleic acids 844 measured by Nanodrop One. By the protocol recommended by the manufacturer, nucleic acid 845 
